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Abstract— An improved equivalent circuit for hydrogenated
amorphous silicon (a-Si:H) solar cells and modules is presented. It
is based on the classic combination of a diode with an exponential
current–voltage characteristic, of a photocurrent source plus a
new term representing additional recombination losses in the i-
layer of the device. This model/equivalent circuit matches the
I(V ) curves of a-Si:H cells over an illumination range of six
orders of magnitude. The model clearly separates effects related
to the technology of the device (series and parallel resistance) and
effects related to the physics of the pin-junction (recombination
losses). It also allows an effective  product in the i-layer of the
device to be determined, characterizing its state of degradation.
Index Terms— Amorphous silicon solar cells and modules,
analytical model, I(V ) characteristics, outdoor measurements,
recombination,  -product degradation.
I. INTRODUCTION
THE use of equivalent circuits is a convenient and commonway to describe the electrical behavior of electronic
devices. Generally, an equivalent circuit offers three main
advantages: it is easy to use within electrical circuits; it
allows the device’s properties to be described in a standardized
and abbreviated manner using a simple analytical model; it
provides insights into the complex physical processes that take
place within the device.
The equivalent circuit generally used for photovoltaic solar
cells is shown in Fig. 1 (ignoring the dashed section): it
essentially consists of a current source shunted by a diode.
These two elements correspond to generation and loss of
photocurrent in the device. The resistances and can
be considered to be “parasitic” circuit elements, introduced to
describe the behavior of real solar cells with their technical
limitations. We shall come back to these later.
That one may simply superpose a photocurrent source
on the characteristics of the dark diode is, at first sight,
physically surprising—in fact, the photo-induced generation of
holes and electrons within the solar cell will change the carrier
concentration at every point, requiring, thus, a new solution
for the drift-diffusion differential equations throughout the
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Fig. 1. Equivalent circuit for photovoltaic solar cells and modules. The
current sink (dashed lines) takes into account the current losses due to
recombination in the i-layer of the device.
whole device. However, as postulated in [1], and as shown
in [2], such a simple superposition of a dark diode and a
photocurrent source is indeed valid and can be theoretically
justified for crystalline solar cells, consisting of pn-diodes.
The theoretical justification [2] is based on the linear form of
the drift-diffusion differential equations for minority carriers,
within the p- or n-type bulk regions of the pn-diode.
It is, however, well known that amorphous silicon solar
cells, which are pin-diodes and in which the main part of
the photovoltaic generation occurs in the intrinsic i-layer,
behave differently. As a striking example, the curves
for different illumination levels usually all meet at a single
point in the first quadrant [3], a fact that can only
be reconciled with the simple equivalent circuit of Fig. 1 if an
additional loss term, which increases strongly with the forward
voltage , is introduced. Such a loss term has to take into
account the recombination losses in the intrinsic layer of the
device.
Generally speaking, recombination is relatively intense
within amorphous silicon cells because of the presence of
dangling bonds that act as recombination centers—this is
especially true for cells in the degraded state. It is therefore
intuitively “reasonable” to describe amorphous silicon cells
by introducing an additional recombination loss term into
the equivalent circuit, a term which is symbolized by the
current sink (dashed lines) in Fig. 1. Recombination losses
within the i-layer are in a first approximation proportional to
the carrier concentrations observed therein, and thus to the
photogenerated current This has been shown theoretically
in [4] and is used in the formulation of the loss current
The aims of this article are fourfold:
1) to show empirically that the equivalent circuit in Fig.
1 describes quite precisely the experimentally measured
electrical behavior of illuminated solar cells and is able
to do so for illumination levels varying over six orders
of magnitude;
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Fig. 2. Comparing the experimental I(V )-data of the laboratory cell
shown in Fig. 3 with the results of the analytical model. The decrease of
Rsc = (@V=@I)V=0 of the cell in the degraded state is attributed to enhanced
recombination in the i-layer of the device. Note that the VIM-method does
not require calibrated illumination levels, these may therefor differ for the
measurement of the cell in the degraded and initial state.
2) to present an experimental method that can be used to
determine systematically the elements of this equiva-
lent circuit, including the new recombination loss term
(dashed symbol in Fig. 1);
3) to provide a link between the equivalent circuit of Fig. 1,
especially between the newly introduced recombination
loss term, and theoretical treatments of recombination in
amorphous silicon cells, such as [4];
4) and to illustrate the use of the new, complete equiva-
lent circuit to investigate the long-term behavior of a
commercial module during outdoor exposition.
II. EXPERIMENTAL PROCEDURE
The authors have used the standard characterization proce-
dure for solar cells that consists of measuring the curve
at a given illumination level as it shown in Fig. 2. The resulting
data may be condensed into the six characteristic parameters
which are:
1) the short circuit current ;
2) the open circuit voltage ;
3) the fill factor ;
4) the efficiency ;
5) the “open circuit resistance” , which
may be related to the series resistance ;
6) and the “short circuit resistance” ,
which may be related to the parallel resistance
The latter two parameters and are key parameters
for the present treatment; they are reciprocal slopes of the
curve.
The basic idea is to measure the curve over a wide
range of illumination levels, rather than at a fixed illumination
level of say 1000 W/m Thereby, additional information about
the device can be gained. We call this method the Variable
Illumination Measurement (VIM) method.
The experimental results are plotted as a function of the
short circuit current or open circuit voltage avoiding
the need of calibrated illumination levels. This has been done
with the data obtained from a typical laboratory solar cell
[5] (single junction, glass/SnO /pin-structure with an i-layer
thickness of 0.35- m, 10.7% initial efficiency) which are
are indicated by the symbols in Fig. 3.
The light source may be either a laboratory lamp or, alternal-
tively, sunlight for outdoor measurements. In the laboratory,
variation of the illumination level over six orders of magnitude
is obtained by varying the distance between the lamp and
the sample and by using neutral (grey) filters. The outdoor
VIM-method makes use of the natural variation of the solar
irradiance, the spectral variations having only a slight influence
on the results in the case of single junction cells.
III. THE ANALYTICAL MODEL
The single exponential model represented by the equivalent
circuit in Fig. 1 ignoring the dashed section is known to
match well the curves of crystalline solar cells [1],
[2]. This model predicts that the short-circuit resistance
should be equal to the parallel resistance of the device
over a large range of illumination levels [dot-dashed line
in Fig. 3(b)]. The experimental -data show that this
is not the case for amorphous silicon cells. This constitutes
a clear empirical motivation for the introduction of a new
current loss term into the equivalent circuit (represented by the
dashed section in Fig. 1): a term which explicitly takes into
account the recombination losses in the i-layer of the device.
A simple expression for this current can be deduced assuming
the electrical field to be constant within the i-layer, and
to be strong enough to mask the effects of the diffusion of
the carriers [4]. This very crude assumption is expected to
be valid only for small or negative external voltages for
cells with thin i-layers (small value of and for low defect
densities therein. In this case, a homogenous generation of
carriers leads to linearily varying profiles for the free electrons
and holes in the i-layer [4]. The recombination function
is taken from [6]
(1)
where and are the capture times of the electrons
and holes by the neutral dangling bonds. Inserting the linear
carrier profiles mentioned above, this recombination function
becomes
(2)
where is the position in the i-layer measured as the distance
from the p-layer, and the band mobilities of the free
carriers. Remember that this expression has been obtained
neglecting diffusion currents and is only valid for strong fields
in the i-layer, thin cells and low defect densities in the i-layer.
The expression for the recombination in (2) may
be integrated over the whole i-layer (from to to
obtain the total current loss due to recombination within
the i-layer; we thereby obtain
(3)
2
(a)
(b)
(c)
(d)
Fig. 3. Illumination level dependence of the I(V ) parameters. The symbols
indicate the experimental data of a typical single junction laboratory cell,
the lines the predictions of the model. Omitting the recombination current
(dot-dashed lines) affects only the predictions for Rsc and FF; but not
those for Voc and Roc: The marks on the x-axis denote Isc under one-sun
illumination, and the dotted line (@V=@Idark) as a function of Idark: The
oscillations of Roc are a numerical effect.
with
(4)
It should be noted that equals the generation current
multiplied by the ratio of the cell thickness over the
effective driftlength (Schubweg) in the i-layer. The
electrical field in the i-layer (assumed to be constant) is
set to the difference between the built-in voltage and the
voltage over the junction The effective -product
TABLE I
PARAMETER VALUES USED TO FIT THE MODEL TO THE EXPERIMENTAL DATA OF
A TYPICAL LABORATORY CELL IN THE DEGRADED (B) AND INITIAL (A) STATE
suitably combines the -products of electrons and
holes1, as resulting from the integration of (2).
Introducing this recombination current into the equivalent
circuit (dashed symbol in Fig. 1) leads to the following
analytical expression for the curve of amorphous silicon
solar cells and modules
(5)
The photogenerated current is reduced by the loss
currents due to recombination in the i-layer, by the diode with
its saturation current and its quality factor denotes
here the elementary charge, Boltzmanns’ constant and
the absolute temperature of the device), and by the parallel
resistance
Note that we expect this model to be valid for small forward
voltages only, where the crude assumptions mentioned above
can be considered to be fulfilled. This is the case in the short
circuit region [4] and we find from (5) that the slope is
determined by the recombination term of the model
(6)
Here the effect of and have been neglected, which is
correct for intermediate illumination levels (see Section IV).
The measurement of provides direct information about
the effective -product within the i-layer of the device.
Numerical simulation of amorphous silicon solar cells using
the program described in [8] with a standard defect model
demonstrates that the recombination current within the i-layer
is the loss current showing the strongest variation with the
external voltage [9]. Other loss currents (for example those
due to recombination at the interfaces between the intrinsic and
the doped layers) were found to have a very weak dependence
on the external voltage leading thus to a neglible influence on
[9].
The built-in voltage in amorphous silicon solar cells was
determined by [10] to be V and we will use this
value for the following calculations. Assuming that does
not change during degradation, monitoring allows direct
measurement of the degradation state of the i-layer of the
device.
1Note that recent investigations on a-Si:H films lead to the empirical
conclusion that the  -products are approximately equal in the case of
compensated or strongly degraded a-Si:H [7], i.e., ()e  0n0n  0p0p :
If, in fact 0
n
0
n
= 0
p
0
p
holds, a more precise calculation of recombination
losses within the i-layer of the pin cell can be employed for our model and
leads to a final result that is identical to that given above in (3) and (4).
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The experimental data shown in Fig. 3 have been fitted
with the model using the parameters shown in Table I. In the
short circuit region, we note a perfect matching of the -
data with the model for both the degraded and as-deposited
cell for the whole range of illumination levels covering six
orders of magnitude.
In the open circuit region, the model loses its validity as the
underlying theoretical assumptions are no longer fulfilled. It
is, therefore, surprising how well the open circuit voltage of
the undegraded cell matches that of the model. Note thereby
that the slight underestimation of by the model for the
degraded cell is caused by the weight of the recombination
current term in (5). The values of predicted by the model
in (5) do not depend on the recombination current term but
mainly on the diode term; they remain slightly underestimated.
The validity of the model can also be seen from well
matching of the explicit curves shown in Fig. 2.
IV. THE REGIMES OF ILLUMINATION LEVELS
The model for amorphous silicon solar cells and modules
presented in (5) allows five regimes of illumination levels to
be distinguished. These are shown schematically in Fig. 4 and
marked in Fig. 3:
Regime : At the lowest illumination levels, the
curve of the solar cell is dominated by its parallel resistance
leading to a linear curve as sketched in Fig. 4. Both
and are equal to the parallel resistance This regime
is characterized by the independence of and from
the illumination: such a behavior can be observed on the left
side of Fig. 3(a) and (b). In this illumination regime, the low
parallel resistance leads to a reduced open circuit voltage
[Fig. 3(c)] as well as to a fill factor of 0.25 (Fig.
3(d)). The lower the value of the higher the illumination
level has to be to assure that the performance of the device is
not affected by The detection of the parallel resistance in
this illumination regime may be used for the quality control
of commercial amorphous silicon solar modules.
Regime : Increasing the illumination level, we reach
regime B where the parallel resistance only dominates the
short circuit part of the curve as shown in Fig. 4. The fill
factor is still reduced by but the open circuit voltage
is no more affected [Fig. 3(c) and (d)]. The inverse slope
is still equal to the parallel resistance whereas is
determined by the physics of the junction.
Regime : In this regime, neither the series nor the parallel
resistance affects the curve of the device (Fig.
4). Both the slopes and are determined by the
physics of the pin junction, and may be used to asses
the recombination in the i-layer (6). In this regime, the fill
factor exhibits the best values; a fact which makes
the regime C recommendable for the practical operation of
amorphous silicon solar cells or modules. This is the only
regime where the fill factor is a correctly indicates the
state of degradation of the device.
Regime : Increasing the illumination level, we reach
regime D where the series resistance of the device begins
to affect the open circuit region of the curve as indicated
Fig. 4. The regimes of illumination levels. The five regimes of illumination
levels for amorphous silicon solar cells and modules resulting from the model
underlying equation (5). Roc reflects the physics of the pin junction in
the regimes B and C. In the regimes C and D, Rsc is determined by the
recombination in the i-layer (6).
schematically in Fig. 4. Thereby, the open circuit voltage
is unaffected; however, the open cicuit resistance is now
determined by the series resistance This leads to a reduced
fill factor The short circuit region, and especially
are not affected by This regime is not reached by the
laboratory cell shown in Fig. 3 because of its low series
resistance, but it is reached by commercial modules under one
sun illumination. It is characterized by the flattening of the
dependence of with the illumination level. This is shown
in Fig. 5 for a commercial module, where the illumination
level is presented by the open circuit voltage.
Regime : At the highest illumination levels we reach
regime E, where the curve predicted by the model is
completly dominated by the series resistance leading to a
linear curve with a fill factor of 0.25 (Fig. 4). In
this regime the inverse slopes and are equal to the
series resistance of the device.
V. EVALUATION OF THE PARAMETERS
The evaluation of the elements of the equivalent circuit
shown in Fig. 1 and described by the analytical expression of
(5) is based on the variable illumination measurement (VIM)
of the curve indicated in Section II, and a subsequent
presentation of their parameters as shown in Fig. 3.
The parameters of the diode term are determined from
the -behavior of the device. For the intermediate
illumination regime C where the effects of the series and
parallel resistance can be neglected, the analytical
model (5) yields the following expression:
(7)
Here, we have also neglected the effect of the recombination
losses in the i-layer. Fitting this equation to the logarithmic
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region of the measured -behavior [Fig. 3(a)] yields
the diode saturation current and the quality factor
The high illumination limit of is, according to the
model, equal to the series resistance which may be taken
as the asymptotic saturation value of (regimes D and E).
The series resistance is physically determined by the sheet
resistance of the electrodes, especially that of the transparent
electrode.
The low illumination limit of is, according to the model,
equal to the parallel resistance which may be taken as the
asymptotic saturation value of (regimes B and A). may
also be determined by the saturation of the slope
for low dark currents (see dotted line in Fig. 3(b), note
that low dark currents—here less than mA cm —are
determined by and not by the pin-junction). The parallel
resistance is a measure of the technological quality of the
device: low values of indicate high leakage currents due
to pin-holes.
The product is the key parameter which character-
izes the new recombination term in the model; are determined
from the power-law regime of the experimental -data
[regime C, see Fig. 3(b)] using (6). The built-in voltage
can be assumed to be approximately 0.9V (for a more precise
but rather cumbersome experimental determination of see
[11] or [10]).
This evaluation procedure, when applied to the typical
laboratory cell described in Section II, yields the parameters
shown in Table I. Using these parameters with the model in
equation (5) to calculate and yields the lines
shown in Fig. 3; note their excellent fit with the experimental
data. This signifies that the new equivalent circuit in Fig.
1 and the analytical model in equation (5) describe quite
satisfactorily the full behavior of the solar cell tested, over
the whole range of six orders of illumination levels.
VI. APPLICATION: SPLITTING THE DEGRADATION EFFECTS
One key feature of the VIM-method is the measurement
of the slopes and We can now use these slopes to
determine the reasons for the degradation of a commercial
amorphous silicon module during outdoor exposition.
On one side, the analytical model in (5) results in being
equal to the series resistance of the device in the high
illumination limit (regime D). At one-sun illumination, this
limit is not reached by the small-area laboratory cell whose
data are shown in Fig. 3(a), but it is reached by commercial,
large-area modules with their higher series resistance This
is shown in Fig. 5, where the clear saturation of allows
the series resistance of the module to be determined. The -
data shown here were obtained by scanning the curve in
ten-minutes intervals during outdoor exposition. By filtering
these -data for high illumination conditions, they directly
present the series resistance Fig. 6(a) shows the continuous
increase of which has to be related to degradation effects
outside the pin-junction, for example degradation of the SnO -
layer or corrosion of the contacts. It should be mentioned
here that several other commercial amorphous silicon modules
examined did not show such a degradation of
Fig. 5. Roc(Voc)-data of a commercial module obtained by scanning the
I(V ) curve in ten-minute intervalls from day 184 to 202 of outdoor exposition.
These data are temperature-corrected using measured temperature coefficients
of Roc and Voc
(a)
(b)
Fig. 6. Roc and ()e -data of a commercial module. They are filtered
for clear irradiance conditions around solar noon and then daily averaged.
()e has been calulated from Rsc assuming di = 0:3 m and a
constant Vbi = 0:9 V. These data are temperature-corrected using measured
temperature coefficients of Roc and Rsc:
On the other side, the inherent light-induced degradation
of the i-layer material (Staebler–Wronski effect [12]) of the
module is determined by the effective -product calcu-
lated from with (6). Fig. 6(b) shows the data for the same
module assumnig a constant built-in voltage during outdoor
exposure. The apparent tendency to saturate may be caused by
a slight seasonal effect, as the data shown have been monitored
until the beginning of Summer 1995.
The slope is equal to the parallel resistance in the
low illumination limit according to the model in (5); it is
detected by the flattening of the -data which is shown
for the laboratory cell in Fig. 3(b). The parallel resistance
is slightly reduced in the degraded cell. We attribute this
decrease to the formation of pin-holes during degradation;
such pin-holes may have been created by the mechanical stress
provoked by the contact finger during the degradation period.
Mechanical stress is known to reduce the parallel resistance
of amorphous silicon solar cells, a behavior which frequently
occurs when the cells are mechanically cut [13].
At higher illumination levels mA cm in Fig.
3(b)], the reduction of the parallel resistance does not
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affect the performance of the degraded cell. Now the slope
is determined by the reduced effective -product
due to the light-induced defect creation in the
i-layer.
Within the framework of the model given by (5), the en-
hanced recombination in the i-layer however does not explain
the loss of open circuit voltage of the degraded cell shown
in Fig. 3(d). This degradation effect is taken into account
with an increase of the diode blocking current by nearly
two orders of magnitude (see Table I). This increase of the
diode term in the model represents enhanced recombination in
the regions of the p/i and n/i interface and other degradation
effects linked to the semiconductor barriers. This shows that
the VIM-data permit to distinguish bulk i-layer degradation
from other degradation effects inside the pin-structure of the
device.
VII. CONCLUSIONS
An improved equivalent circuit for amorphous silicon solar
cells and modules has been presented. The related analytical
model for these devices is simple and was shown to match
the current–voltage curves of a typical laboratory amor-
phous silicon cell for a wide range of illumination levels
varying over six orders of magnitude. The model is a single
exponential model with a new term taking into account the
recombination in the i-layer of the device. Combined with the
experimental method of Variable Illumination Measurement
(VIM) of the curve (an experimental method which
can also be used outdoors under sunlight), this model al-
lows for a precise determination of the series and parallel
resistances and for a clear discrimination between differ-
ent degradation effects. So is the reciprocal slope
of the curve at the short circuit point, at
intermediate illumination levels, directly proportional to the
effective -product in the i-layer and thus serves as
a quantifying tool for the state of degradation of the cell or
module.
Based on the measurements of a commercial module, we
have demonstrated how the measurement of the series resis-
tance and of the effective -product in the i-layer
leads to a discrimination between two different degradation
effects occuring in a commercial amorphous silicon module:
in this case the Staebler–Wronski degradation effect has been
shown to flatten after 200 days of outdoor exposition, whereas
the series resistance has been shown to be linked to an
additional deterioration effect not showing any tendency to
saturate.
For a typical laboratory cell, it could be clearly demon-
strated that its light-induced degradation cannot be exclusivley
attributed to an enhanced recombination in the i-layer of the
device.
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